Knowledge of the evolution of residual stresses developing during fabrication of industrial components is steadily gaining importance. Therefore, the prevailing residual stresses in a number of identical hot-forged water quenched compressor discs made of nickel-base alloy IN718 have been studied by neutron diffraction. Simultaneously, independent finite element simulations (FEM) have been performed characterizing different quenching rates. Furthermore, temperature measurements have been performed during water quenching and the simulated temperatures are compared to the measured ones. The results of the finite element simulations agrees well with those obtained from neutron diffraction and temperature measurements.
Introduction
During the production of aeroplane components, e.g. compressor discs, closed-die forging operations are often applied to achieve the required mechanical properties. IN718 is one of the most frequently used nickel-base superalloys for turbine components due to its unique combination of a high fatigue strength and high corrosion resistance at elevated temperatures [1, 2] . In order to achieve excellent mechanical properties a complex forging and heat-treatment sequence has to be carried out. Finally, after these processing steps the component is machined to its final shape by turning.
One special thermomechanical processing route for IN718, developed for increased high strength properties, is the so-called direct age process [3] . It requires water quenching directly after forging, contrary to the conventional heat treatment which starts with a mild air cooling followed by an additional solution annealing step. Due to the rapid cooling during direct aging, a high amount of "frozen-in" dislocations causes more potential precipitation sites for γ' and γ'' particles during the subsequent combined two step aging treatment, which in the end leads to a finer particle size [3] . However, during water quenching the high thermal gradients can cause residual stress fields, which might lead to massive distortions during machining. As a consequence, the production costs rise due to time consuming readjustments or -at the worstthe final geometry of the component can not be machined out of the forging. These problems can be avoided if the residual stress state in the forged component is known prior to machining. This offers the possibility to design the turning sequences of the disc in a way to minimize the distortions due to material removal. This study presents a verification of simulated residual stresses in a compressor disc (Fig. 1 ) made of IN718 caused by quenching in water. The calculated results are compared to experimentally determined residual stresses and measured cooling curves. The use of finite element simulations (FE) during the development or optimization of forging processes in order to avoid expensive trial forgings is nowadays state-ofthe-art. The commercial software package DEFORM™ was used to simulate the deformation steps during forging of the compressor disc, as well as the evolving thermal residual stresses during cooling within the part under investigation
The quality of the FE simulation is basically determined by the quality of the input parameters of the material and their reliability. Most of the material properties of IN718 can be determined experimentally except for the heat transfer coefficient between the cooling medium and the surface of the disc. In this article, attention is paid to the influence of the heat transfer coefficient on the evolution of residual stresses and their distribution.
Experimental

Investigated Part and Material
The compressor disc with an outer diameter of 320 mm and a thickness of up to 26 mm is made of IN718, with a nominal chemical composition is listed in Table 1 . It is produced in a two-step closed-die forging process. The fine grain size as shown in Fig. 2 is achieved due to high effective strains during thermomechanical processing on a screw press and the well chosen forging temperature below δ solvus [4] . Fig. 2 shows the bright δ particles which prevented grain growth during high-temperature processing. Transmission electron microscopy studies have proven that the main strengthening phases, the coherent γ' and the partially coherent γ'', are present in the as-quenched condition despite the high cooling rate [5] . (a) (b) Figure 2 . Microstructure of IN718 after forging and water quenching. The bright particles are δ precipitates, which are not dissolved during the forging process.
Temperature Measurements
In this study the whole compressor disc was used to measure the temperature development during water quenching in order to simulate real industrial conditions. Coated K-type thermocouples (NiCr-Ni) with a diameter of 1.5 mm ensured a low reaction time of the thermocouples of < 1 sec. In order to avoid measurement artifacts due to vesication at the beginning of the quenching process, the tips of the thermocouples have not been attached to the surface. Instead each thermocouple was placed into a hole with a diameter of 1.5 mm and mechanically fixed to prevent any water flow into the hole (Fig. 1b) . The tips of the thermocouples K1 to K5 were placed 3 mm below the sample surface, only K2 was placed 8 mm below the surface in the middle of the thicker part near the rim.
The forged disc with the thermocouples was heated to forging temperature and subsequently quenched into water (20°C). In order to minimize the amount of bubbles formed due to the Leidenfrost effect, the disc was submerged in an upright position. The temperature recorded as a function of time is shown in Fig. 3 . The timescale in Fig. 3 starts when the whole disc is still at forging temperature, thus sets the beginning of the quench to t = 10 sec, in order to better display the retarding drop in temperature at the beginning of cooling. 
Neutron Diffraction
As the distortion of the disc due to material removal, e.g. by turning, is governed by bulk residual stresses, neutron diffraction is the only available technique to measure strains within a part having a thickness of several cm. The measurements, using the whole disc, were conducted at the diffractometer ARES at GKSS, Germany [6] . A constant wavelength of 0.164 nm was used to monitor the distance of the (311) lattice planes as a function of the position within the disc [7] . The (311) reflection was chosen, because it is generally recommended in literature [8, 9] for the measurement of macrostresses in fcc materials. The spatial resolution of the strain measurement was determined by the 2x2x30 mm³ gauge volume (respectively 2x2x10 mm³ for the tangential direction). Measurements of the strain free reference sample were done on cuboids with a size of 4x4x4 mm³, which were cut from the disc by electro-discharge machining at the positions of the strain measurement (indicated by line M in Fig. 1b ) [10] . The lattice spacing of these cuboids was determined in 3 directions to clarify if any remaining texture could influence the residual stress measurements. However, the lattice spacing were equal within the measurement error, which can be derived from the quality of the peak fitting function and, therefore, the average value was used for calculation of strains. This is consistent with microscopical observations and texture measurements by electron back scatter diffraction and neutron diffraction, all showing a nearly perfect random texture (max. 1.4 above random). Having determined the strains by applying Bragg's law, the stresses can be calculated using the generalized Hook equation [11] . The axi-symmetric form of the disc suggests that the axial, radial and tangential direction determine the orientation of the main stress components. However, it has to be carried in mind that in single peak analysis specific diffractometric elastic constants for the (311) reflex have to be used. E 311 and ν 311 were determined to be 195000 MPa and 0.31, respectively, by employing the Kröner model [8] . As the turning operation removes material from the top and the bottom side of the disc, the residual stresses along the thickness of the disc will relax and can potentially cause distortions. Therefore, the points of neutron measurement were arranged along the thickness of the disc, indicated as line "M" in Fig. 1b .
Finite Element Modeling
The software package DEFORM™ was used to simulate the forging process and the subsequent cooling step of the compressor disc shown in Fig. 1 . Measured thermophysical data of IN718 showed a good agreement with published data in literature [12, 13, 14] and were applied to simulate both forging as well as cooling. Contrary, the flow stress curves are different for the forging and the quenching simulation, because forging simulations assume plastic material behavior and very high strain rates, whereas cooling is calculated with elasto-plastic material behavior. All flow stress curves were experimentally determined at different temperatures and strain rates.
Since the heat transfer coefficient cannot be measured directly, first simulations used a constant value of c = 4000 W/m²K [15] , which is based on data for water given in literature [16] . As a first approximation this value was assumed to be constant during the whole cooling procedure and was applied as a boundary condition on the entire surface of the disc. That means that at every point on the surface the same amount of heat is transferred into the cooling water. Detailed descriptions of the input data and the results of the simulation are described in [15] .
In the present work, the influence of a variation of the heat transfer coefficient c on the residual stress state was studied. As c has been proven to be a very crucial input parameter, the measured temperatures during quenching within the disc were used to calibrate this value. To this end the temperatures at the five points K1 -K5 (Fig. 1b) were compared to the temperature development at the corresponding points in the FE simulations using different values or courses for c. Fig. 4a presents the temperature at point K3 as a function of time versus the simulated temperatures for different heat transfer coefficients, assuming that the cooling medium has a temperature of 20°C throughout the entire cooling process. As the effects during the early stages of the cooling (Fig. 3 ) cannot be described by a constant value of c, an offset of 6 sec was applied to the timescale of the simulated temperatures. Fig. 4b shows the experimental and simulated temperatures at all five measurement points as a function of time for a simulation performed with a constant value of c = 4000 W/m²K.
As in reality the heat transfer is a function of the temperature difference between the cooling medium and the metal surface [17] , further parameter studies have been performed with coefficients changing with time and temperature, respectively. Two examples of a simple variation of the heat transfer coefficient with time are shown in Table 2 . Case c1 starts with mild cooling, while in case c2 a very short rapid cooling interval is inserted. After the first 4 sec c1 remains at the high level of 8000 W/m²K until the end of the cooling, whereas c2 is reduced stepwise.
If a simple geometry with defined surfaces is modeled, then analytical calculations can be carried out to determine the heat transfer coefficient as a function of the measured temperatures inside a part. For example, this was done by Bucezek at al. [18] on a cylinder made of brass. As the materials are different, their results cannot be applied for the present study, however, the general course of their heat transfer coefficient was adopted (c3; Fig. 5a ) and improved the fit of our measured temperature curves. (Fig. 3) . b) Measured and calculated temperatures at the five measurement positions K1 -K5 (Fig. 1b) . Simulation performed with a constant heat transfer coefficient of 4000 W/m²K. 
Results and Discussion
The temperatures of the 4 thermocouples (K1, K3, K4, K5) near the upper surface of the disc show a period of slow cooling during the first 4 sec, followed by a large drop of temperature in the next 40 sec and finally a marked reduction of the cooling velocity (Fig. 3) . After 120 sec the whole part has cooled down close to the temperature of the cooling agent (water, 20°C). The initial period of slower cooling can be interpreted as a consequence of the Leidenfrost effect, because the thermocouple placed in the center of the disc (K2) does not show this change of the cooling velocity in the first seconds.
If a constant heat transfer coefficient is used for the simulation, there is always a steady decrease in temperatures with time, therefore, the first 10 sec cannot be modeled correctly (Fig. 4a) . However, the slope of the measured temperature curves between 850°C and 150°C at K1 -K5 is well reflected by the simulated temperature curves resulting from a constant heat transfer coefficient of approximately 4000 W/m²K which has been used in the first calculations [15] . The comparison of the resulting radial and tangential stresses with the measured stresses in Fig. 6 demonstrates that 4000 W/m²K is an appropriate estimation of the heat transfer coefficient.
For a further adjustment of the cooling curves, a short period of milder cooling conditions can be introduced during the first 4 sec, followed by a higher quenching rate. Indirectly, this offers the possibility to take the nucleation of air bubbles or the presence of an air film into account, which reduces the heat transfer locally until the bubbles or the film collapse and the whole surface of the disc is in contact with liquid water. Furthermore, the slower drop of all temperatures at about 300°C indicates that the heat transfer is reduced towards the end of the cooling process, because the temperature difference between the water and the surface becomes smaller.
(a) (b) Figure 5 . Variation of the heat transfer coefficient c3 (a) and the resulting temperature at point K3 (b). The variation of c1 and c2 are listed in Table 2 .
When a constant heat transfer coefficient is used, the radial and tangential stress maxima (Fig. 6 ) evolving during quenching do not further change significantly above c = 10000 W/m²K. Applying higher values of c would result in a too fast decrease of the temperature. Comparing the measured stresses and the simulated results, approximately 5000 W/m²K can be regarded as the upper bound, if a constant c value is used in the simulation. On the other hand, a value of 2000 W/m²K has shown to be the lower bound to fit the measured temperature curves (Fig. 4a) . With rising quenching rates not only the maximum stress levels but also the trend of the stress curves change, because the horizontal region of zero residual stress in case of 2000 W/m²K becomes less pronounced and finally diminishes as the heat transfer rises (Fig. 6 ). This can be attributed to the occurring plastic flow, which becomes larger and thus affects larger regions of the cross section, depending on the prevailing temperature gradient. Qualitatively, this can also be shown by analytical calculations of a quenched plate [5] . The strain measurements do not reflect this change in the slopes, because the gauge volume of 2x2x2 mm³ is too large and, therefore, the values represent an average stress at the location of the measurement.
For a discussion of the exact shape of the stress gradients a higher lateral resolution of the measured strains would be required. Yet, the distance of the point where the radial and tangential stresses cross zero can be compared and have shown to be the same for the measurement and simulation. The fact that the measured points are shifted approximately 1 mm to the top side of the disc could be a consequence of asymmetric heat transfer conditions on top and bottom side. A systematic positioning error of the disc in the neutron beam, which might be another source of the observed shift, is highly unlikely, because the measured stress results were proven to be repeatable.
Changing the heat transfer coefficient with time (Table 2) or as a function of surface temperature (Fig. 5a ) affects the level of the maximum as well as the gradient of the stress curve across the thickness (Fig. 7) . For instance, introducing a short period of a high heat transfer in the first seconds, followed by a short period of air cooling conditions which is then replaced by high cooling rates again (Version c2, Table 2 ), results in a broader stress curve along the cross section of the disc as shown in Fig. 7 .
By varying c as a function of the surface temperature it seems realistic to use values of up to 14000 W/m²K temporarily because a good approximation of the measured temperature drops at the locations K1 to K5 is achieved. Fig. 5a shows the applied heat transfer coefficient as a function of temperature and Figs. 7a, b display the resulting radial and tangential stresses. Now, the maximum stress levels are below the one obtained for the upper bound for a constant heat transfer coefficients of 5000 W/m²K, although the maximum c is much higher (Fig. 7, c3) . The measured maximum stress levels seem to be about 150 -200 MPa higher than the simulated stresses. This indicates that for a further improvement of the fit quality, the heat transfer coefficient in Fig. 5a should temporarily be increased even above 14000 W/m²K. This result is also confirmed by studies in literature. For example, Dye et al. [19] made inverse calculations to estimate the heat transfer coefficient of an IN718 cylinder in different quenching media and reported values up to c = 30000 W/m²K. Nevertheless, with raising heat transfer coefficients the calculated temperatures at K1 -K5 drop too fast. For example, the variable heat transfer coefficient shown in Fig. 5a as well as a constant value of c = 4000 W/m²K result in cooling rates which are slightly too fast. Consequently, a realistic description of the temperature can only be achieved by a very careful increase of the heat transfer coefficient combined with well chosen smaller values at the start and towards the end of the cooling process.
Summary and Conclusions
Finite element simulations and neutron diffraction measurements of the residual stress state in a compressor disc made of IN718 after quenching in water have been performed. The same FEM code, DEFORM™, has been employed to simulate the forging process as well as the quenching procedure. The aim of the present study was an experimental verification of the cooling simulation. Especially the evolution of the heat transfer coefficient was of prime importance, because it has a significant influence on the residual stress state after quenching. However, the heat transfer coefficient is the only material input data that can not be measured directly, therefore, parameter studies have been carried out to clarify its influence. Additionally, the temperatures within the disc have been measured at 5 positions during quenching in water.
These two independent sets of experimental data indicated an lower and upper bound of 2000 to 5000 W/m²K for a constant heat transfer coefficient. Although in reality the heat transfer is not constant, but depends on the surface and water temperature, a constant value of 4000 W/m²K seems to give a good approximation to simulate the evolution of the residual stress state. Allowing the heat transfer coefficient to vary with time or surface temperature offers the possibility of an improved fit of the measured temperatures. Theses changes have an effect also on the maximum stress levels and especially on the shape of the stress gradient. It seems that the heat transfer coefficient can momentarily be much higher than 5000 W/m²K. Temporarily values above 14000 W/m²K combined with moderate conditions at the beginning and towards the end lead to a better fit of the measured temperature curves. The results suggest that the simulation can be further improved by an adopted temperature dependent heat transfer coefficient. Nevertheless, also a constant value of 4000 W/m²K leads to a good prediction to the independently measured residual stresses and temperatures.
